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Minireview“Recruitment Signals”
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tion of the dying cells and transduce intracellular signals,
at least one of which may involve CED-6, to facilitate
engulfment (Hengartner, 2001).
In the second group of genes, ced-2 encodes an adap-
tor protein homologous to CrkII (Reddien and Horvitz,
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2000), ced-5 codes for a homolog of Dock180 (Wu and
Horvitz, 1998), ced-12 encodes a novel adaptor protein
denoted ELMO (Gumienny et al., 2001), and ced-10An evolutionarily conserved machinery exists for en-
codes for a homolog of the small GTPase Rac1 (Reddiengulfment of apoptotic cells from worm to mammals.
and Horvitz, 2000). Based on genetic studies in the wormNew observations suggest that corpse clearance is
and studies in mammalian cell lines, the current modeltightly linked to apoptosis and that dying cells use
is that CrkII, Dock180, and ELMO proteins function up-both recruitment and eat-me signals for phagocyte
stream of Rac in leading to reorganization of the cy-attraction and recognition.
toskeleton during engulfment (Gumienny et al., 2001).
“Eat-Me” Signals and PS RecognitionApoptosis or programmed cell death occurs in many
Eat-me signals on apoptotic cells serve as markers fortissues of our bodies throughout life. The removal of
phagocytes to specifically recognize the apoptotic cellsapoptotic cells is the final step, and perhaps the ultimate
and subsequently ingest them (Figure 1). Such signalsobjective, of the apoptotic program. The quick and effi-
are best described in mammalian cells and can appearcient clearance of apoptotic cells is essential for pre-
by either direct or indirect means. “Direct” signals in-venting secondary necrosis in tissues, and plays a key
clude alteration in cell surface phospholipid composi-role during embryonic development, normal tissue ho-
tion, changes in conformation of existing molecules ormeostasis, and wound healing. While enormous strides
changes in cell surface glycoproteins or surface chargehave been made in our understanding of the molecular
(Henson et al., 2001). Alternatively, certain serum pro-mechanisms of apoptosis, details on clearing the apo-
ptotic corpses have lagged behind until recently. Accu- teins or components from other cells can indirectly dec-
mulating evidence suggests that failure to clear apo- orate (opsonize) an apoptotic cell surface.
ptotic cells promptly has serious consequences for The best studied of these signals is the exposure of
inflammation and autoimmunity (Henson et al., 2001; phosphatidylserine (PS) on the outer leaflet of the
Savill et al., 2002). It is now becoming increasingly clear plasma membrane (Schlegel and Williamson, 2001). PS
that in vivo, apoptosis and engulfment are not distinct is normally retained in the inner leaflet of the plasma
events, rather two seamlessly linked parts of the same membrane through the opposing action of scramblases
process. Moreover, similar to molecules involved in apo- (which randomize the phospholipids on the two leaflets)
ptosis, dedicated and evolutionarily conserved machin- and flippases (which moves specific lipids to different
ery for corpse clearance has been identified from worm leaflets). This phospholipid asymmetry is lost during
to humans. Now, two recent papers on how apoptotic apoptosis and leads to the appearance of PS on the
cells publicize their presence and facilitate their own outer leaflet (Schlegel and Williamson, 2001), which can
engulfment bring new attention and excitement to this be detected by annexin V staining. It has been estab-
field (Arur et al., 2003; Lauber et al., 2003). lished that PS exposure on the apoptotic cells is critically
Start-up Lessons from the Worm required for proper uptake (Henson et al., 2001). There
Elegant studies in C. elegans, pioneered by Bob Horvitz are multiple engulfment receptors that have been sug-
and others, have identified at least seven genes that gested to recognize PS, including the PS receptor (PSR),
mediate corpse clearance (reviewed in Hengartner, CD14, the scavenger receptors such as CD36, and the
2001). In worms with mutations in any one of these LDL-receptor related protein (LRP1, also referred to as
genes, unengulfed corpses linger for hours or days, CD91) (Henson et al., 2001; Savill et al., 2002). How
while in normal animals these are cleared within an hour. the various receptors on the phagocyte recognize PS
None of these genes are essential for engulfment, as remains controversial. While many receptors have been
many dying cells are still cleared in the single mutants. shown to bind PS liposomes, whether they truly recog-
Based on double-mutant analysis, these genes have nize PS specifically in vivo has not been shown. Among
been grouped into two functional genetic pathways, with these receptors, the evidence for the role of PSR is the
ced-1, ced-6, and ced-7 in one pathway and ced-2, ced- strongest, since it can recognize only PS and in a stereo-
5, ced-10, and ced-12 in another. Within the first group, specific manner (Fadok et al., 2000). The relative affinity
the ced-1 gene encodes a transmembrane protein with of the different receptors toward PS has been difficult
homology to mammalian LDL-receptor related protein to assess. Only a subset of phagocytic receptors need
(LRP1), ced-7 encodes an ATP binding cassette trans- be expressed on a given phagocyte to engulf, making
porter (with homology to mammalian ABCA1), and ced-6 it possible that different PS recognizing receptors could
encodes an adaptor protein similar to mammalian GULP. operate on professional phagocytes (e.g., macrophages
Current models suggest that CED-1 and CED-7 proteins and immature dendritic cells) versus nonprofessional
(and their homologs in mammals) participate in recogni- phagocytes (such as fibroblasts and epithelial cells).
Alternatively, multiple receptors implicated in PS
binding could cooperate with each other. PS, when ex-Correspondence: ravi@virginia.edu
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Figure 1. Proposed Sequence of Events dur-
ing Apoptotic Cell Clearance
Cells express “don’t eat-me” signals (such as
CD31/PECAM-1) (Savill et al., 2002), as well
as retain the phosphatidylserine (PS) on the
inner leaflet of the plasma membrane. After
induction of apoptosis and caspase activa-
tion, the apoptotic cells (at the earliest stages)
secrete LPC and/or other signals, which can
facilitate phagocyte recruitment. Phagocyte
recognition occurs via the “free-PS” and/or
PS bound to bridging molecules such as
annexin I, as well as other cell surface
changes.
posed on the cell surface, likely occurs in clusters (Arur However, several important issues remain unclear.
First, does the annexin I bind to the PS on the inneret al., 2003). Thus, the different phagocyte receptors
could cluster in structures analogous to rafts, where leaflet and hitch a ride with the PS when the latter gets
exposed, or, does annexin I get secreted and then bindmultiple receptors could simultaneously engage the
“clustered PS” on the apoptotic cell, making the recogni- to the PS that is already exposed? Each of these could
have important implications for PS recognition by thetion and engulfment a group effort. It is also likely that
some receptors play a role in tethering of a phagocyte phagocytes. Second, how is the annexin I recognized?
Arur et al. (2003) present evidence that the annexin Ito an apoptotic cell, but not necessarily signal, while
other receptors would actually signal (as in the “tether (from the apoptotic cells) can help the PSR on the
phagocyte cluster around the corpse. At first glance,and tickle” model that has been proposed) (Henson et
al., 2001). In this regard, it is intriguing that some of the this is counterintuitive, since annexin I binding would
be expected to mask the PS and therefore inhibit thepotential PS interacting receptors, CD36 and CD14 (and
possibly PSR), do not have cytoplasmic signaling do- recognition/clustering of the PSR around the targets.
However, this could be reconciled if the PSR itself recog-mains and likely signal via associated proteins to medi-
ate engulfment. In some sense, the phagocyte:apoptotic nizes annexin I, or if the PSR recognizes a PS:annexin
complex. Since no direct binding between PSR andcell recognition might resemble the interaction between
T cells and antigen presenting cells (APC), where the annexin I was reported, it is unclear how the PSR and
annexin I communicate with each other. Using a differentT cell receptor/CD3 complex along with many associ-
ated adhesion molecules facilitate T cell binding to APC. approach, Hanayama et al. (2002) had earlier identified
milk fat globule EGF factor 8 (MFG-E8) as a secretedIt could be envisioned that an “engulfment synapse” at
the macrophage:apoptotic cell interface could recruit glycoprotein produced by activated macrophages and
capable of binding PS and phosphatidylethanolamine.multiple PS binding receptors during recognition and
potentially overcome any thresholds for engulfment. MFG-E8 could facilitate engulfment by bridging PS on
the apoptotic cells withv3 integrins on the phagocytes.Would You Like Proteins with Your PS?
There is another complication to the simple model that It is intriguing that the source of MFG-E8 was the acti-
vated macrophage itself! It is even more puzzling whythe PS exposed on the cell surface serves as a direct
target for recognition by phagocytic receptors. There the macrophage would have to bring more PS binding
proteins to recognize a target, when it already has manyare several other soluble molecules that can also bind
PS. In a recent paper in Developmental Cell, using an receptors that can apparently recognize PS. Addition-
ally, many serum components (such as serum derivedunbiased proteomics approach, Arur et al. (2003) identi-
fied annexin I on the surface of Jurkat cells undergoing protein S, complement, and Gas6) have been shown to
bind to apoptotic surfaces and thereby mark the apo-apoptosis after engagement of the death receptor Fas.
Annexin I, which has long been recognized as a PS ptotic cells (reviewed in Savill et al., 2002). With the
abundance of these bridging molecules in vivo, onebinding soluble protein, is also released after glucocorti-
coid treatment and has been linked to anti-inflammatory wonders if there would be any “free-PS” left on the
apoptotic cell surface for direct recognition, althoughresponses (one of the hallmarks of apoptotic cell en-
gulfment). Arur et al. (2003) show that annexin I was some studies have recorded “accessible” PS exposure
on apoptotic cells in vivo (through annexin V staining).generated within the apoptotic cell in a caspase-depen-
dent manner, which then colocalized with PS on the Since many of the receptors implicated in engulfment
are the so-called “multiligand” receptors, whether manycell surface. Annexin I exposed on the cell surface was
functionally relevant in tethering an apoptotic cell to of the PS binding receptors truly bind free-PS in vivo,
or PS-bound to another molecule needs further study.the phagocyte, as reducing annexin I expression in the
apoptotic cells (through siRNA), or antibodies to surface “Recruitment” Signals: Part of an
Early-Warning System?bound annexin I, partially inhibited engulfment of these
cells. Thus, annexin I would appear to be one of the All Eat-me signals are only beneficial if the phagocyte
can get to the apoptotic cell. It has long been notedkey molecules “exposed” on the apoptotic cells that
facilitates the phagocyte recognition of apoptotic cells. that in vivo, apoptotic cells are difficult to recognize by
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traditional methods. This is true even in tissues with tion. One explanation for this result is that the natural
version of LPC is more potent than the synthetic. Alter-substantial number of cells undergoing developmental
apoptosis. Thus, the accepted view in the field has been natively, the LPC could facilitate migration in conjunc-
tion with other molecules derived from the apoptoticthat apoptotic cells are cleared rapidly. Analyses of
worms carrying a hypomorph of the caspase CED-3 in cells (e.g., IL-8 and MCP-1) (Schaub et al., 2000). This
is in part supported by their data expressing the fullythe presence or absence of mutant engulfment genes
revealed that phagocytosis is tightly coupled to the apo- truncated “active” form of iPLA2, which on its own is
insufficient and still requires apoptosis induction by UVptotic program (Hoeppner et al., 2001; Reddien et al.,
2001). Phagocytosis of cells that appeared “almost- treatment (Lauber et al., 2003). Similarly, LPC could be
converted to other products (in some way dependentdead” was required to eliminate these dying cells. Strik-
ingly, failure to engulf and remove these almost-dead on the apoptotic cell or by serum components). Such
products could then promote the migration, i.e., LPCcells resulted in survival of some of the cells, as if they
withdrew from undergoing complete apoptosis. While being one member of a molecular relay team. A second
issue is how long does a cell send out S.O.S. signalssuch a reversal in the decision to die may not have
that serious a consequence in the short lifespan of C. before it decides to cease the apoptotic program or
undergo secondary necrosis? This would critically de-elegans, similar reversal in fate for a human cell could
be dangerous. Although, such reversal has not yet been pend on the half-life of LPC in vivo, and equally impor-
tant, the location of the phagocyte being recruited. Ifdocumented in mammals, it is easy to envision the ne-
cessity for quick clearance of apoptotic cells in the LPC secreted is for attracting resident macrophages
in a tissue, then a sufficiently high local concentrationmammals.
Since leakage of cellular contents from a dying cell of LPC might be achieved. However, the concentration
and half-life issues become more critical if an apoptoticwould promote inflammation, the corpse clearance
would have to take place at the earliest stages of apo- cell in the middle of a tissue wishes to publicize its
presence to a monocyte in the blood stream and it wouldptosis. Although in theory, any eukaryotic cell can take
up an apoptotic cell, the kinetics of engulfment by pro- almost certainly require some type of an amplification
step. As a corollary, different types of recruitment sig-fessional phagocytes is much faster than nonprofes-
sional phagocytes. It almost seems essential that a dy- nals could be used for short-range and long-range com-
munications. A third issue is that the putative receptoring cell would have to send out recruitment signals to
attract professional phagocytes (either nearby or from for LPC, G2A, is expressed widely. If the goal of the
apoptotic cell were to result in a quiet clearance, howcirculation) for prompt engulfment (Figure 1). An inter-
esting paper, published in the last issue of Cell, has can LPC avoid recruiting other inflammatory cells (such
as neutrophils) to the site through their G2A receptors?identified one such recruitment signal produced by the
apoptotic cells (Lauber et al., 2003). Again, either the LPC might be converted in vivo to other
mediators (which could then target receptors with moreThrough a series of experiments the authors have
identified that a soluble factor, the lipid lysophosphati- restricted expression on phagocytes), or other media-
tors simultaneously produced might make the recruit-dylcholine (LPC), is released from apoptotic cells in a
caspase-3 dependent manner. LPC, which is released ment more selective. Perhaps, molecules such as MFG-
E8 produced by the macrophages play a role in de-into the supernatants of UV-treated MCF-7 cells, could
attract THP-1 monocytes as well as primary macro- tecting the apoptotic cells.
Missing Link Between Engulfment and Migration?phages, in a Transwell filter migration assay. Consistent
with this, addition of exogenous synthetic LPC to normal How could a phagocyte sense the recruitment signals
and migrate toward gradients of such molecules? Someculture medium also promoted migration of THP-1
monocytes in this assay. Lauber et al. (2003) also identi- insights might be gained from studies on engulfment
genes in the nematode C. elegans. Mutation in any offied the cytosolic calcium-independent phospholipase
A2 (iPLA2) as being involved in the mechanism for the the second functional pathway genes ced-2, ced-5, ced-
12, and ced-10, causes a second defect in distal tip cellrelease of LPC. Interestingly, the iPLA2 is activated by
a caspase-3 dependent cleavage, and in turn promotes (DTC) migration in the gonad, on top of the engulfment
defects (Gumienny et al., 2001; Reddien and Horvitz,LPC release. Despite the enormous body of the literature
on the regulation of the apoptotic process by activation 2000; Wu et al., 2001; Zhou et al., 2001). Interestingly,
in ced-5 or ced-12 mutants, the DTCs still move, butof caspases, no strong previous connection had been
made between caspase activation during apoptosis and lose directionality, making wrong or extra turns. This
suggested a failure to properly sense the gradient forengulfment. It is noteworthy that LPC has been pre-
viously reported on the surface of apoptotic cells (Kim normal DTC migration pattern (Gumienny et al., 2001;
Reddien and Horvitz, 2000; Wu and Horvitz, 1998). Re-et al., 2002), and other factors released from apoptotic
cells (such as tRNA synthetases and ribosomal protein cently, Dock180 (CED-5), in conjunction with ELMO
(CED-12), has been shown to function as a nucleotidedimers) can mediate monocyte attraction (Horino et al.,
1998; Wakasugi et al., 2002). However, Lauber et al. exchange factor for Rac (Brugnera et al., 2002), and to
regulate actin-dependent cytoskeletal changes. Expres-(2003) establish a link that caspase-dependent LPC re-
lease from cells undergoing apoptosis plays a critical sion of Dock180 or ELMO proteins, respectively, in a
CED-5 or CED-12 deficient worm, significantly rescuesrole in attracting monocytes in vitro and in an in vivo
model (although the latter response is less pronounced). the DTC migration defect (Gumienny et al., 2001; Wu
and Horvitz, 1998). An interesting possibility is that theWhile the authors could detect some levels of LPC in
the supernatants, it was much lower than the concentra- Dock180/ELMO module, through specific and localized
activation of Rac, may play a role in gradient dependenttion of pure LPC necessary for the same level of migra-
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signals mediated via LPS (Fadok et al., 2000). This would
argue that engagement of PSR, even without en-
gulfment, can mediate the anti-inflammatory responses,
i.e., the engulfment process and the cytokine production
might be functionally separable. Obviously, this could
have a number of therapeutic implications in conditions
such as chronic inflammation. At present, signaling
events downstream of PS recognition by receptors are
very poorly characterized, and needs to be better de-
fined.
Figure 2. Model for Signals in Recruiting Phagocytes
The identification of recruitment signals such as LPC
Cells undergoing apoptosis secrete recruitment signals, such as
now begins to provide insights into the mechanisms ofLPC, in a caspase-dependent fashion. Early gradients are sensed
clearance in vivo. The recent molecular cloning of manyby receptors on resident phagocytes, which migrate toward the
of the players involved in engulfment from worms toapoptotic cell facilitating prompt clearance. Alternatively, recruit-
ment signals could also recruit monocytes from the blood stream. humans should also help address specific questions on
CrkII/Dock180/ELMO/Rac might play a role in sensing gradients the molecular pathways. Given the fundamental impor-
here. tance of engulfment in many facets in the life of multicel-
lular organisms, the stage is set for many new interesting
observations in the foreseeable future.migration of the phagocytes toward the apoptotic cells,
downstream of receptors that sense such gradients (Fig-
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